Abstract The thermal inactivation of Ca 2? ATPase of scallop myofibrils (0.1 M KCl, pH 7.5) was found to be unaffected by the presence of Ca 2? . Monomeric myosin content and salt solubility decreased much faster than Ca 2?
Introduction
In the myosin-linked Ca 2? regulation system, which was first observed in scallop adductor muscle [1] , muscle contraction is triggered by the direct binding of Ca 2? to one of the myosin light chain (LC) components termed the ''regulatory light chain'' (RLC) [2, 3] . This system generally occurs in mollusks, including in squid mantle muscle [4] . A unique thermal denaturation profile was seen for the myosin in squid myofibrils, in which Ca 2? ATPase inactivation is significantly suppressed in the presence of Ca 2? [5, 6] . The presence and absence of Ca 2? in the heating medium also changed the squid myosin denaturation pattern, as studied by denaturation at the head [subfragment-1 (S-1)] and rod regions. Fast rod denaturation with Ca 2? and slow rod denaturation with EDTA was the pattern observed [7] . This difference was explained by restricted stabilization of the head region but a lack of stabilization of the tail region.
As the thermal inactivation of squid myofibril Ca 2? ATPase is suppressed by Ca 2? , it would be interesting to know whether Ca 2? also stabilizes scallop myosin. In the work described in this paper, we attempted to address this question. Moreover, we wanted to check whether the thermal denaturation pattern (which compares the denaturation of S-1 with that of rod over time) of scallop myosin is the same as that of squid myosin. Finally, we were curious as to whether myosin denaturation was similar in two types of scallop muscle, adductor and smooth muscle, because the latter muscle contains very large quantities of paramyosin, which forms the cores of the thick myosin filaments in that muscle [8] .
Materials and methods

Preparation of myofibrils
Myofibrils were prepared from the adductor muscle of scallop Patinopecten Yessoensis [5] . Homogenized muscle was washed with 0.1 M KCl, 20 mM Tris-HCl (pH 7.5) repeatedly, suspended in the same buffer, and finally filtered through two layers of gauze. The filtrate was used as a myofibril suspension.
Thermal denaturation of scallop myofibrils
Myofibrils suspended in the above buffer were heated in the presence of either 0.2 mM CaCl 2 (''Ca medium'') or 1 mM EDTA (''EDTA medium''). The heating temperature was either 39 or 34°C. Myofibrils dissolved in 0.5 M KCl, 20 mM Tris-HCl (pH 7.5) were also heated. In that case, myofibrils suspended in 0.1 M KCl, 20 mM Tris-HCl (pH 7.5) at 10-12 mg/ml were placed into test tubes, and the KCl concentration was raised to 0.5 M in the individual test tubes to avoid the transfer of viscous dissolved myofibrils at the lower concentration. After heating, the KCl concentration of the sample was diluted with four volumes of 20 mM Tris maleate (pH 7.0) to obtain a KCl concentration of 0.1 M. At that stage, the myofibril concentration was reduced to 1.7-2 mg/ml, which is a suitable concentration for myosin denaturation analysis. The myosin denaturation that occurred upon heating the myofibrils was studied by monitoring the changes in the following parameters: Ca 2? -ATPase activity, salt solubility, monomeric myosin content, and the amounts of S-1, rod, and their monomeric forms, which were all measured in the same way as previously reported [9] . Chymotryptic digestion was performed for 60 min at 20°C in a digestion medium of 0.1 M KCl, 20 mM Tris maleate (pH 7.0), and 1 mM EDTA using 1/400 (w/w) of chymotrypsin over myofibrils. Digestion was usually conducted at 0.05 M KCl. When the myofibrils dissolved in 0.5 M KCl were studied, reducing the KCl concentration to 0.05 M by dilution was impossible, because salt-solubility measurements and monomeric myosin content measurements require a myofibril concentration of roughly 2 mg/ml. However, a reduction in KCl concentration to 0.1 M was possible, so we examined whether digestion at 0.1 M KCl gives the same pattern as that seen at 0.05 M. Indeed, the digestion pattern observed at 0.1 M was the same as that noted at 0.05 M, and the myofibrils dissolved in 0.5 M KCl also gave the same pattern after diluting the KCl to 0.1 M. A dilution method rather than a dialysis method was chosen because the procedure involved was easier. The salt-soluble myosin content, the monomeric myosin content, and the amounts of chymotryptic S-1, rod, and their monomeric forms were all measured in the same manner as reported previously [9] . Contents were calculated using SDS-PAGE and staining intensity measurements of the corresponding bands, using methods described previously [7] .
Protein concentration was measured using the Biuret method, with serum albumin employed as a standard protein. ATPase inactivation, was compared between two heating media ( Fig. 1) . There was no difference in myosin denaturation profiles obtained in the two heating media, irrespective of the indicators used to detect denaturation. First of all, Ca 2? ATPase inactivation of scallop myofibrils was not affected by the presence of Ca 2? in the heating medium at all. Rapid decreases in salt solubility and monomeric myosin content at the same rate relative to Ca 2? ATPase inactivation were also seen in both media. The rate of ATPase inactivation (circles), salt solubility (squares), and monomeric myosin (triangles) were estimated decrease in solubility and monomeric myosin content (34.5 9 10 -4 s -1 ) was roughly 19 times greater than the rate of ATPase inactivation (1.8 9 10
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-4 s -1 ). The pattern seen for scallop myofibrils was similar to that found with squid myofibrils heated in Ca medium. However, there was a difference of around fivefold in the rate of ATPase inactivation and the rate of solubility loss for myosin denaturation in squid myofibrils [7] . These results clearly indicate that most of the scallop myosin lost its solubility upon heating before losing its activity. For example, scallop myofibrils heated for 12 min lost 85 % of their solubility while losing only 8 % of their activity.
When the myofibrils are heated in 0.1 M KCl, the myosin is in a form fully stabilized by F-actin binding. It is reported that increasing the KCl concentration reduces this protection by F-actin, and the degree of stabilization facilitated by F-actin binding at 0.1 M KCl is fish species specific [9] . Thus, the thermal inactivation rate of Ca 2? ATPase of myofibrils was measured at different KCl concentrations. As accelerated inactivation was expected at high concentrations of KCl, the heating temperature was lowered to 34°C. Moreover, the highest KCl concentration was set to 0.75 M, based on preliminary experimental results which indicated that the rate barely changes above this concentration (data not shown). Changing the KCl concentration from 0.01 to 0.1 M left the inactivation rate practically unaffected, while the rate increased greatly between 0.3 and 0.5 M, and the maximal rate was obtained at around 0.75 M (Fig. 2 ). When the rates at 0.1 M (1.6 9 10 -5 s -1 ) and at 0.75 M (368 9 10 -5 s -1 ) were used to calculate the stabilizing effect of F-actin binding, the stabilization was found to be about 230-fold. This magnitude was nearly the same as that measured for squid myofibrils in the presence of Ca 2? , and was much greater than that seen in the absence of Ca 2? [5] . The magnitude was much greater than that obtained with fish myofibrils [9] .
Denaturation of S-1 and rod from myosin in scallop myofibrils heated in Ca and EDTA media Myosin denaturation in heated myofibrils was also studied by applying chymotryptic digestion. It is reported that scallop myosin can be cleaved into S-1 and rod even in the presence of Ca 2? , producing S-1 with a little longer S-1 heavy chain than that in S-1 produced in the presence of EDTA and intact Ca 2? -binding LC of RLC in its structure [10] . Scallop myosin is also cleavable at a site similar to that well characterized in fish myosin, which requires the removal of Ca 2? from the digestion medium [11] . For S-1 and rod denaturation analysis, digestion was conducted in the presence of EDTA. The KCl concentration used was 0.1 M KCl, because the patterns seen at 0.05 and 0.1 M were the same. The samples were heated at 39°C as in Fig. 1 and digested under these conditions. Although the SDS-PAGE patterns for the digests are not presented here, the digest still contained paramyosin from parent myofibrils. This contamination with paramyosin made it difficult to estimate the S-1 content, because it shows a similar mobility to that of S-1. However, the paramyosin was removed completely as a precipitate at 40 % saturation of ammonium sulfate. Practically all of the S-1 and rod produced were recovered in the supernatant at this saturation level of ammonium sulfate (data not shown). The rod and S-1 in the digest were found to be in their monomeric forms. There was no difference between the patterns obtained in the two heating media: a quick decrease in rod and slow decrease in S-1. Thus the denaturation of S-1 and rod was investigated by calculating the monomeric S-1 and rod contents (Fig. 3) .
The samples heated in Ca medium were used for comparison, because there was no difference in the results obtained in Ca and EDTA media. Decreases in the amounts of S-1 and rod in monomeric form recovered in the supernatant at 40 % saturation of ammonium sulfate and changes in the myosin properties shown in Fig. 1 were compared. The general denaturation patterns obtained at 34°C, following the denaturation process for 12 h, were practically the same as those attained at the higher temperature of 39°C (see Figs 1, 3) . Rapid decreases in salt solubility and monomeric myosin content and the denaturation of rod before S-1 were observed. Ca 2? ATPase inactivation was well explained by the decrease in the amount of S-1, because the ATPase-active site is located in this region, which was the same conclusion as drawn for fish myofibrils [9] . On the other hand, the decreases in salt solubility and monomeric myosin content were well explained by the rod denaturation. It was thus concluded that myosin, which is cleaved in the rod region, is present in an aggregated form, and such aggregates are not saltsoluble. Therefore, the myosin retains Ca 2? ATPase activity, and aggregation occurs at the tail region (Fig. 4) .
Myosin denaturation in scallop myofibrils was also studied by lowering the temperature to 34°C in order to investigate whether the S-1 and rod denaturation patterns were altered by the temperature, because the patterns seen for carp myofibrils were greatly affected by temperature [12] . The myofibrils were heated for 12 h (720 min). The denaturation patterns obtained were the same as those observed at 39°C (Figs. 1, 3 ): rapid rod denaturation accompanied by swift drops in monomeric myosin content and salt solubility (Fig. 4) .
Thermal denaturation of scallop myosin in dissolved myofibrils when heated
It is reported that dissolving carp myofibrils into 0.5 M KCl changed the myosin denaturation pattern significantly [12] . Therefore, the denaturation pattern of scallop myosin upon heating dissolved myofibrils in 0.5 M KCl was studied (Fig. 4) . Due to the accelerated ATPase inactivation at 0.5 M KCl suggested by Fig. 2 , the temperature was lowered to 34°C. It took around 30 min for half of the ATPase to be inactivated (Fig. 5) . After terminating the heating, the KCl concentration of the myofibril solution was reduced to 0.1 M by adding four volumes of 20 mM Tris maleate buffer (pH 7.0). Myosin denaturation analysis was performed using the same indicators shown in Figs. 1  and 3 . The monomeric myosin content decreased a little faster than the Ca 2? ATPase inactivation, indicating that myosin formed aggregates before losing its ATPase activity. The same result was obtained with carp myofibrils heated in dissolved form [12] . However, the salt solubility remained high during the heating. As the heated myofibrils were re-suspended in 0.1 M KCl, myosin filaments that formed upon the dilution of KCl were easily disassembled when the KCl concentration was raised to 0.5 M again. This salt solubility was independent of the ATPase inactivation. For example, heating the sample for 30 min caused the activity to drop by half, but 82 % of the myosin was recovered in the salt-soluble fraction. Heating myofibrils in their dissolved form suppressed the loss of salt solubility. S-1 denaturation was much slower than rod denaturation at 0.5 M-the opposite pattern to that seen at 0.1 M. The slow decrease in salt solubility was well correlated with the rod denaturation, and ATPase inactivation was explained by the S-1 denaturation. As the monomeric myosin content decreased a little faster than the S-1 denaturation did, myosin formed active aggregates, as has been suggested for carp myosin [13] .
Denaturation of myosin in myofibrils from smooth muscle of scallop Scallop adductor muscle is attached by a small piece of different muscle, smooth muscle. This muscle is believed to be involved in the catch mechanism utilized by scallop [8] , and is rich in paramyosin, a helical protein with a coiled-coil structure [8] . The paramyosin content in smooth muscle is much greater than its myosin content. The most abundant protein in thick filaments of smooth muscle is paramyosin, not myosin. This forms the core of each myosin filament smooth muscle. Adductor muscle of scallop and squid mantle muscle also contain paramyosin, but less of it. Thus, it is interesting to study myosin denaturation in myofibrils of smooth muscle of scallop. A preliminary experiment on ATPase inactivation of myosin in myofibrils provided information on its stability. It was found that the myosin in smooth muscle was the same as that in adductor muscle. Thus, heating was conducted to 39°C. All of the measurements performed are summarized in Fig. 6 . The ATPase inactivation rate for smooth muscle (2. was almost identical to that for adductor muscle (1.8 9 10 -4 s -1 ). Parallel rapid drops in salt solubility and monomeric myosin content were also noted, similar to those seen for adductor muscle myofibrils. The inactivation was explained by S-1 denaturation. Furthermore, the fast rod denaturation was explained by the rapid decreases in solubility and monomeric myosin content, just as for adductor myofibrils. We can therefore conclude that the unique myosin filament structure (containing a paramyosin core) of smooth muscle did not affect the myosin denaturation pattern of scallop.
Discussion
Myosin from scallop adductor muscle is very similar in function to that of myosin in squid mantle muscle-both show myosin-linked regulation mediated through Ca 2? binding to its RLC. However, the manner of RLC binding differed between scallop and squid myosin: washing with EDTA solution easily detaches the RLC of scallop myosin, even at low temperature, while the RLC of squid myosin is never washed away using the same washing procedure [3] . Removal of RLC from squid myosin required the treatment of myosin with a high concentration of urea [3] . As squid myosin is strongly stabilized by Ca 2? , it is interesting to determine whether scallop myosin is similarly stabilized by Ca 2? . The results in Fig. 1 clearly show that it does not. Heating in Ca and EDTA media gave the same thermal inactivation of Ca 2? ATPase for scallop myofibrils. This fact clearly shows that stabilization due to Ca 2? is not commonly observable for mollusk myosin. The magnitude of stabilization of scallop myosin by F-actin binding detected at 0.1 M KCl (about 230-fold) was much greater than that seen for squid myosin in EDTA medium (40-fold), and rather similar to that noted for squid myosin in Ca medium (500-fold). This suggests that scallop myosin was kept stable irrespective of the presence or absence of Ca 2? or that scallop myosin does not require Ca 2? for full protection by F-actin. The RLC of scallop myosin in myofibrils is readily detached upon heating in EDTA medium. Thus, the RLC in scallop myosin does not seem to contribute to the stability of scallop myosin. It would be interesting to know how the thermal denaturation of myosin in myofibrils of other mollusks is affected by the addition of Ca 2? . Studies of this issue are currently being performed.
Faster rod denaturation than S-1 denaturation was characteristic of the scallop myofibrils heated at 0.1 M KCl. We have previously reported that a relatively high degree of stabilization by F-actin leads to fast rod denaturation in fish species [9] . The rapid rod denaturation observed with scallop myofibrils can similarly be explained by a high degree of stabilization. Here, we assumed two myofibril samples containing myosin that have the same stabilities in their head and rod regions, but different magnitudes of stabilization by F-actin. When the above two myofibrils were heated, the S-1 denaturation rate for myofibrils with a low magnitude of stabilization is greater than that for myofibrils with a high magnitude of stabilization. On the other hand, rod denaturation proceeds at the same rate in both myofibrils. Consequently, the two myofibrils give different S-1 and rod denaturation patterns. Structural changes in the myosin rod region (as detected by chymotryptic digestion) was always accompanied by a loss of salt solubility. This conclusion was also true when the myofibrils were heated in their dissolved form (Fig. 5) .
Scallop muscle consists of two parts: adductor muscle (the main part) and smooth muscle (the minor part). The latter contains a large quantity of paramyosin (more than that of myosin). Paramyosin is believed to comprise the cores of thick filaments. As the paramyosin contents of adductor and smooth muscle are different, and their muscle structures are different (striated and smooth, respectively), different myosin denaturation patterns were also expected. However, the results obtained with smooth muscle myofibrils were exactly the same as those obtained with myofibrils of adductor muscle. Therefore, we can conclude that the paramyosin core in myosin filaments in smooth muscle of scallop does not affect myosin denaturation, especially rod denaturation.
